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Review
The concept that weather and climate are 
linked to the incidence of infectious diseases 
in humans has been recognized since the time 
of Hippocrates (National Research Council 
2001). Understanding the link between cli-
mate and disease has increasing urgency. 
According to the Intergovernmental Panel 
on Climate Change (IPCC 2007), warm-
ing of the earth’s climate is “unequivocal.” 
Global changes already documented include 
increased global surface temperature, rising 
sea level, decreased arctic and alpine snow 
and ice, and evidence of plants and animals 
responding to these changes by moving 
to higher elevations or closer to the poles. 
Precipitation has increased in some parts of 
the world while decreasing in others. These 
changes are predicted to continue into the 
foreseeable future (IPCC 2007).
Climate change is predicted to have a 
variety of impacts on human health, many 
of which have been extensively reviewed 
(Confalonieri et al. 2007; Ebi et al. 2006, 
2008; Frumkin et al. 2008; Patz and Olson 
2006). Some of these effects are easily intu-
ited: increasing temperatures will likely 
increase the incidence of heat-related mortal-
ity (and decrease the risk mortality from cold 
exposure); increased drought will result in 
increased food and water shortages, whereas 
more frequent and more severe heavy pre-
cipitation events will increase the incidence of 
flood-related injuries and deaths, water- and 
food-borne illness, and other infectious, respi-
ratory, and skin diseases.
Another class of potential impacts on 
human health often cited as a consequence of 
climate change is less direct, less intuitive, and 
less predictable: Those caused by infectious 
diseases acquired by humans from invertebrate 
and vertebrate animals—the vector-borne 
and zoonotic diseases (VBZDs). Zoonotic 
diseases are those caused by pathogens that 
are transmitted between vertebrate animals 
and humans. Vector-borne diseases are those 
for which the pathogen is transmitted to 
or among humans by an arthropod vector. 
Zoonotic diseases may be vector borne (trans-
mitted to humans from a vertebrate res-
ervoir by an arthropod vector such as Lyme 
disease) or nonvector borne [transmitted to 
humans by direct or indirect contact with the 
vertebrate host without the participation of 
an arthropod vector such as hantavirus pul-
monary syndrome (HPS)]. Vector-borne dis-
eases, in turn, may be zoonotic, as in the Lyme 
disease example, or nonzoonotic (transmit-
ted by an arthropod vector from human to 
human without the involvement of a non-
human reservoir such as malaria). We have 
used the inclusive term “VBZD” to include all 
three possible categories [for additional defi-
nitions, examples, and background informa-
tion, see Table 1 and Supplemental Material 
(doi:10.1289/ehp.0901389)]. Making predic-
tions concerning the effects of VBZDs adds 
additional complexity to forecasts. Although 
understanding the transmission of any infec-
tious pathogen requires knowledge of the inter-
actions between the pathogen and humans, 
in the case of VBZDs we must also under-
stand the interactions of the pathogen with the 
arthropod vector and with the vertebrate host. 
Thus, a complete understanding of VBZDs 
requires in-depth knowledge of the ecology 
and natural history of the host or vector (Gage 
et al. 2008; Mills and Childs 1998).
In this article, we have proposed four pri-
mary mechanisms by which climate change 
is likely to affect pathogen, host, and vector 
populations; summarized current evidence 
that these mechanisms affect host and vector 
populations; and assessed how these effects 
are likely to influence human health. We also 
have attempted to identify important gaps 
in our knowledge and have suggested studies 
that are needed to fill those gaps and provide 
reliable information about the ultimate effects 
of climate change on VBZDs.
Expected Changes
If climate change is to affect the frequency 
of VBZDs through acting on nonhuman 
hosts, vectors, and pathogens, it is likely to 
act by one (or a combination) of four pri-
mary mechanisms: a) range shifts in host 
or vector distribution that bring these hosts 
and vectors into contact with new human 
populations; b) changes in the population 
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density of the host or vector that would result 
in increased or decreased frequency of contact 
with humans or with other hosts and vectors; 
c) changes in the prevalence of infection by 
the pathogen in the host or vector popula-
tion that would increase or decrease the fre-
quency of human (or other host or vector) 
contact with an infected host or vector; and 
d) changes in pathogen load brought about 
by changes in rates of pathogen reproduction, 
replication, or development in hosts or vectors 
that would affect the likelihood that a human 
(or other host or vector) contact would result 
in pathogen transmission.
The evidence: what do existing studies por-
tend? Range shifts. Geographic changes in the 
distributions of wildlife species in response 
to climate change are difficult to document 
because of the absence of current and historic 
data on distributions of many species and 
popu lations (Jannett et al. 2007; Thomas et al. 
2006). Nevertheless, range shifts have been 
observed for a variety of taxa, including impor-
tant mammalian hosts and arthropod vectors. 
These range shifts have generally been pole-
ward and upward (toward higher elevations) 
(Hickling et al. 2006; Rosenzweig et al. 2007), 
and they have resulted in overall expansions, 
contractions, or no change in the total area 
occupied by a population or species. Altitudinal 
and latitudinal range shifts have occurred for 
Ixodes ricinus, the vector of the agents of Lyme 
disease and tick-borne encephalitis (TBE) in 
Europe (reviewed by Gage et al. 2008), and 
these shifts are associated with (“association” 
as used throughout this review is not proof of 
causation) new foci of disease and an increase 
in incidence of TBE (Kerr 2001; Lindgren and 
Gustafson 2001). Northerly range shifts also 
have been observed for Ixodes scapularis, a vec-
tor of Lyme disease, human granulocytic ana-
plasmosis, and babesiosis in North America. 
Models indicate that this species will extend its 
range farther into Canada while contracting its 
southern range (Brownstein et al. 2005; Ogden 
et al. 2006, 2010).
The hispid cotton rat (Sigmodon hispidus), 
which occurs in the southern United States, 
is the host of Black Creek Canal hantavirus 
(Table 1), a known cause of HPS (Rollin 
et al. 1995) as well as Muleshoe hantavirus 
(Rawlings et al. 1996), and Tamiami arena-
virus (Calisher et al. 1970). The distribution 
of the hispid cotton rat is climate limited, 
and precise temperature minima for the spe-
cies’ distributional limits have been described 
(Mohlhenrich 1961). Nevertheless, that distri-
bution has undergone a northward expansion 
(Cameron and Spencer 1981; Schmidly 2002) 
in the last few decades, and a new altitudinal 
record was described for hispid cotton rats in 
New Mexico (Dunnum 2002). The white-
footed deer mouse (Peromyscus leucopus), a host 
for the agents of Lyme disease, human granulo-
cytic anaplasmosis, babesiosis, and HPS, has 
extended its range northward in Wisconsin 
(Long 1996) and Minnesota (Jannett et al. 
2007). Hispid cotton rats and white-footed 
deer mice are common species in the United 
States and have been studied by generations of 
mammalogists. Little or no baseline data are 
available for the huge number of rodents in the 
tropics, the area where hosts (especially rodents 
and bats), vectors, and pathogens have their 
greatest diversity, yet they are the least studied 
[for a discussion of tropical disease diversity, 
rodents, and bats, see Supplemental Material 
(doi:10.1289/ehp.0901389)]. Known and 
unknown tropical host and pathogen systems 
are likely to shift their ranges closer to sub-
tropical and temperate population centers as 
climate changes at higher latitudes.
Altitudinal temperature gradients are 
about 1,000 times steeper than latitudinal 
gradients (Colwell et al. 2008), which makes 
altitudinal transects more practical models 
for studying the effects of temperature change 
on plant and animal distributions. A recent 
range survey of small mammals in Yosemite 
National Park, California (USA), serves as a 
model (Moritz et al. 2008). Compared with 
similar surveys conducted approximately 100 
years earlier (when minimum temperatures 
were 3°C lower), half of the 28 species moni-
tored showed large (average = 500 m) upward 
changes in elevational limits (Figure 1). Low-
altitude species shifted both their lower and 
upper range limits upslope (e.g., the piñon 
deer mouse, Peromyscus truei) or expanded 
their upper range upslope while maintaining 
a stable lower range limit (e.g., the California 
pocket mouse, Chaetodipus californicus). 
High-altitude species such as the alpine chip-
munk (Tamias alpinus) showed overall range 
contractions because of upslope shifts in their 
lower limits. A continuation of this pattern 
suggests the ultimate extinction of some high-
altitude species.
Table 1. Some of the important VBZDs mentioned in this review, with their etiological agents, vectors, and vertebrate hosts. 
Disease Pathogen Vector Vertebrate host
Vector-borne zoonotic diseases
Lyme disease Borrelia burgdorferi 
(bacterium)
Ixodes spp. (tick) White-footed deer mouse (Peromyscus leucopus) and
  eastern chipmunk (Tamias striatus)a
Tick-borne encephalitis (TBE) TBE virus Ixodes spp. (tick) Rodents
Rift Valley fever Rift Valley fever virus Aedes and Culex spp. (mosquito) Livestockb
Plague Yersinia pestis (bacterium) Xenopsylla cheopis (flea) Rodents
Tularemia Francisella tularensis Ticks (several species)c Rodents, lagomorphsc
West Nile fever West Nile virus Culex spp. (mosquito) Birds, especially crows and jays
Leishmaniasis Leishmania spp. (protozoan) Phlebotomus and Lutzomyia spp. (sand fly) Many mammal species
Chagas disease Trypanosoma cruzi (parasite) Triatomine bugs Many wild and domestic mammals
Vector-borne nonzoonotic diseases
Malaria Plasmodium spp. (protozoan) Anopheles spp. (mosquito) Humans
Dengue fever Dengue virus Aedes aegypti Humans
Nonvector-borne zoonotic diseases
Hantavirus pulmonary syndrome (HPS) Sin Nombre virus None North American deer mouse (Peromyscus maniculatus)
New York virus None White-footed deer mouse (Peromyscus leucopus)
Black Creek Canal virus None Hispid cotton rat (Sigmodon hispidus)
Numerous viruses in South 
and Central America
None Rodents of subfamily Sigmodontinae
Hemorrhagic fever with renal syndrome Seoul virus (and other 
Eurasian hantaviruses)
None Norway rat (Rattus norvegicus; for Seoul virus) and 
several other rodents of subfamily Murinae
South American hemorrhagic fevers Arenaviruses None Rodents of subfamily Sigmodontinae
Monkeypox Monkeypox virus None Terrestrial rodent species
Filovirus hemorrhagic fevers Marburg virus and Ebola virus None Egyptian fruit bat (Rousettus aegyptiacus) and likely 
other bat species
Nipah virus encephalitis Nipah virus None Fruit bats (Pteropus spp.)
aPrincipal hosts in eastern North America; other rodent species are hosts in western North America, Europe, and Asia. bVirus survives in eggs of infected mosquitoes; vertebrate reser-
voir not required for viral maintenance. cVectors, hosts, and routes of transmission are highly variable.
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The latitudinal temperature gradient in the 
tropics is relatively shallow. Not only does this 
make latitudinal studies more difficult, but it 
portends relatively higher extinction rates for 
midtropical species of restricted geographic 
range and limited dispersal capabilities. 
Elevational shifts provide the only published 
data for range shifts in the tropics, where 
upslope range shifts have been demonstrated 
for plants and vertebrate animals (Colwell 
et al. 2008; Pounds et al. 2005). Unlike most 
temperate areas, in the lowland tropics there 
is no community of species adapted to even 
hotter areas available to replace those species 
that shift their ranges upslope or poleward. 
Thus, the species diversity of lowland tropical 
areas is expected to decrease as global tem-
peratures rise (Colwell et al. 2008). However, 
extinctions are likely to be selective. Specialist 
species with relatively narrow niche breadth 
(especially in terms of physiological tolerances, 
habitat, and diet requirements) are most likely 
to suffer, whereas more adaptable generalist 
species may thrive, with potentially impor-
tant consequences for pathogen transmission 
(Mills 2006).
Range shifts may not be restricted to lati-
tudinal and elevational dimensions. Several 
host and vector species are restricted to specific 
habitat types. The frequency of occurrence of 
hosts, vectors, or pathogens in these habitat 
types helps to define relative risk of disease to 
humans associated with these habitats (Mills 
and Childs 1998). Effects of climate change 
on the species composition of plant and ani-
mal communities are poorly understood. 
Range shifts in response to climate change are 
unlikely to affect entire communities or assem-
blages in unison (Root and Schneider 2002). 
Species will migrate at different rates and 
according to their own motility, tolerances, 
and physiological constraints. Thus, species 
assemblages are likely to change: Some species 
in new areas will experience increased popula-
tion densities and competitive release, allow-
ing colonization of habitats from which they 
were formerly excluded, whereas others may 
experience increased pressures and decreased 
population densities as new competitors or 
predators move into their ranges or they are 
unable to migrate as climate change leaves 
them stranded on shrinking islands of suitable 
habitat. This concept was illustrated by several 
high-altitude rodent and insectivore species in 
Yosemite National Park that are now restricted 
to only a portion of their former range (Moritz 
et al. 2008) (Figure 1).
Changes in population density. Climate 
change has been associated with conditions 
that alter the carrying capacity of ecosystems 
for some plant or animal populations (Gage 
et al. 2008; Sutherst 2004). Such changes 
can result in dramatic increases, or some-
times decreases, in host or vector population 
densities. Examples from vector-borne diseases 
are numerous. Populations of Aedes mosqui-
toes (vector for the agent of Rift Valley fever 
in East Africa) (Table 1) increase dramatically 
after periods of high rainfall associated with 
El Niño Southern Oscillation (ENSO) events 
(Anyamba et al. 2001; Linthicum et al. 1999). 
Increases in mosquitoes and mosquito-borne 
malaria were associated with ENSO events in 
South America (Barrera et al. 1999; Bouma 
and Dye 1997; Bouma et al. 1997) and south-
ern Africa (Mabaso et al. 2007). Increasing 
temperatures also can decrease the develop-
ment time of mosquitoes allowing greater 
population densities to be reached (Gage et al. 
2008). Increased incidence of malaria was 
linked to precipitation and higher tempera-
tures in Kenya (Githeko and Ndegwa 2001) 
and Madagascar (Bouma 2003). Conversely, 
reduced rainfall in Senegal and Niger was asso-
ciated with decreases in malaria (Julvez et al. 
1997; Mouchet et al. 1996), presumably result-
ing from decreased mosquito reproduction.
The effects of environmental extremes on 
vertebrate host populations can be pronounced. 
High summer temperatures have resulted in 
increased mortality of hosts, such as bats in 
tropical or subtropical areas (Welbergen et al. 
2008) or increased overwinter survivorship of 
species in temperate areas (Straile and Stenseth 
2007). After an ENSO event in 1997, inves-
tigators recorded increased rainfall, improved 
quality of vegetation, and increased popula-
tion density of North American deer mice 
(Peromyscus maniculatus) in the southwestern 
United States. These events preceded increased 
numbers of HPS cases in the area over 3 years 
(Yates et al. 2002). Increased rainfall was also 
associated with outbreaks of HPS in Paraguay 
(Williams et al. 1997) and Panama (Ruedas 
et al. 2004). Similarly, human plague (a flea-
borne zoonotic disease caused by the bacte-
rium Yersinia pestis; Table 1) in the western 
United States was influenced by the effects 
of above-normal temperatures and status of 
the Pacific Decadal Oscillation (PDO). The 
PDO resulted in precipitation increases (Ari 
et al. 2008) that were believed to enhance 
small-mammal food resources and flea sur-
vival (Enscore et al. 2002; Parmenter et al. 
1999). Although less attention has been paid 
to decreases in host populations, lower rain-
fall is accompanied by decreasing populations 
of North American deer mice in the south-
western United States (Yates et al. 2002), 
whereas increasing rainfall during cold periods 
was associated with abrupt population declines 
in some ecosystems (Calisher et al. 2005).
Changes in prevalence of infection in 
host or vector populations. The increases in 
host or vector populations discussed above 
can lead to increased frequency of contact 
between hosts or between hosts and vectors 
(density-dependent transmission) (Begon 
et al. 2002) and increased prevalence of 
infection in host or vector populations. The 
increased North American deer mouse popu-
lation density in the southwestern United 
States that followed the 1997 ENSO was fol-
lowed, a year later, by increased prevalence 
of hanta virus infection in North American 
deer mouse populations [Centers for Disease 
Control and Prevention (CDC) 1999; Yates 
et al. 2002]. This delayed density-dependent 
increase in infection in host populations may 
be a general phenomenon affecting horizon-
tally transmitted pathogens in wildlife hosts 
in strongly seasonal climates (Madhav et al. 
2007; Mills et al. 1999). Similarly, as rodent 
populations increase above certain thresh-
olds, the likelihood of plague epizootics also 
may increase (Davis et al. 2004). Precipitation 
and tempera ture influence the appearance 
of plague epizootics among Asian gerbils 
(Stenseth et al. 2006) and epizootics among 
prairie dogs in Colorado were linked to 
ENSO events (Stapp et al. 2004).
Prevalence of infection for other VBZDs 
might be increased by other mechanisms 
besides density-dependent transmission. 
Environmental changes that lead to increased 
stress in hosts can decrease host immune 
response, resulting in increased probability of 
infection as well as higher pathogen loads and 
increased pathogen shedding by a variety of 
host species (Nelson et al. 1995), including 
hosts for hantaviruses (Demas and Nelson 
1998; Klein et al. 2004; Lehmer et al. 2007) 
and arenaviruses (Barnard et al. 1996).
Changes in pathogen load. Temperatures 
can have profound effects on the development 
of pathogens and pathogen loads in arthro-
pod vectors (Gage et al. 2008; Sutherst 2004). 
Malaria parasites develop in mosquito vec-
tors only within certain temperature ranges 
(Patz and Olson 2006). Similarly, Y. pestis, 
the etiological agent of plague, develops and 
expresses biofilm efficiently only at tempera-
tures < 28°C. Biofilm facilitates Y. pestis trans-
mission by causing infected fleas to increase 
feeding attempts and regurgitate Y. pestis back 
Figure 1. Elevational distribution of the piñon deer 
mouse (Peromyscus truei), the California pocket 
mouse (Chaetodipus californicus), and the alpine 
chipmunk (Tamias alpinus) in Yosemite National 
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into host animals during feeding (Gage and 
Kosoy 2005; Jarrett et al. 2004). Survival of 
Y. pestis also is influenced by temperature with 
many fleas clearing infection as temperatures 
increase above 28°C (Gage and Kosoy 2005; 
Hinnebusch et al. 1998).
Recurrence of viral replication (recrudes-
cence) under stress, including heat stress, has 
been documented for human viral diseases 
(Halford et al. 1996; Mehta et al. 2004) and 
is likely to occur within zoonotic host popula-
tions also. Replication and shedding of Sin 
Nombre virus (Table 1) are detected inter-
mittently in infected North American deer 
mice (Botten et al. 2003; Kuenzi et al. 2005). 
Although mechanisms for the reactivation 
of viral replication are poorly understood, 
stress-related immunosuppression has been 
suggested (Botten et al. 2002; Kuenzi et al. 
2005). The relationship between stress and 
pathogen transmission, replication, persis-
tence, and shedding in hosts and vectors is 
poorly studied. A clearer understanding of 
this relationship would lead to more accurate 
predictions of the effects of climate change on 
VBZD risk to humans.
Interactions among climate variables. The 
amplitude and even the direction of effects of 
climate on host and vector populations are 
locally variable and depend upon interactions 
with other variables (Mills 2005). Contrary 
to what was observed in New Mexico, the 
1997 ENSO did not lead to a net increase in 
North American deer mouse populations at 
a high-altitude site in Colorado. Increases in 
abundance of North American deer mice in 
Colorado from 1995 to 2000 were associated 
with increased rainfall during warm periods, 
but populations crashed after increased rain-
fall during cold periods (Calisher et al. 2005). 
Similarly, the combined effects of temperature 
and humidity affect the behavior, survival, and 
reproduction of many vector species. Survival 
of ticks and fleas are negatively affected by the 
combination of hot and dry conditions (Gage 
and Kosoy 2005; Randolph 2004). The same 
conditions limit the ability of ticks to quest 
for hosts in exposed environments.
These examples indicate that host responses 
to climate change are multifactorial and their 
quantitative prediction must consider mul-
tiple variables simultaneously, including tem-
perature, precipitation, altitude, and location. 
The separation and independent measurement 
of these interacting effects have been identi-
fied as a research priority (Harvell et al. 2002). 
Nevertheless, because these factors contribute 
to overall effects interactively and often operate 
synergistically, predictions using single variables 
must be subject to cautious interpretation.
Interactions of climate change with anthro-
pogenic factors. Just as the interaction effects 
between various aspects of climate change 
(e.g., temperature and precipitation) must 
be considered to accurately predict the influ-
ence of climate on VBZDs, so too must the 
interactions between climate change and other 
anthropogenic and natural factors. Human 
activities facilitate host or vector range shifts 
by transporting hosts or vectors to new geo-
graphic areas (Benedict et al. 2007), including 
new continents, as was the case with vectors of 
plague (Parmenter et al. 1999) and West Nile 
virus (Komar 2003) and hosts of monkey-
pox in the United States (Likos et al. 2005). 
Human migrations in response to climate 
change may make them more vulnerable to 
some VBZDs. For example, increases in leish-
maniasis were associated with drought-related 
clustering of humans near water supplies where 
sand fly vectors were concentrated (Thompson 
et al. 2002). Human cultural and behavioral 
differences will alter the end effect of all of the 
mechanisms discussed above. Although Aedes 
aegypti, the primary vector of Dengue virus, is 
likely to achieve northward range expansions 
in the United States as winter temperatures 
become warmer, this may not result in dengue 
epidemics in the United States. In southern 
Texas, where Ae. aegypti is already established, 
dengue has remained rare despite epidemics 
on the Mexican side of the border. This is 
thought to be due to human-related factors, 
such as the greater use of air conditioning in 
the United States, which decreases exposure 
to mosquitoes (Reiter et al. 2003). Finally, the 
degree of human intervention to prevent or 
mitigate adverse effects of climate change on 
health will affect the eventual outcomes of all 
of the mechanisms discussed above. This is a 
large field of study (Confalonieri et al. 2007) 
but is outside the scope of our discussion.
Anthropogenic disturbance of ecosystems 
will modify the response of many species to 
climate change. As mentioned, the distribu-
tional range of many wildlife species and vec-
tors is predicted to shift poleward and toward 
higher altitudes as the climate warms, perhaps 
bringing hosts, vectors, and diseases currently 
restricted to the tropics within the range of 
temperate population centers. Similar species 
migrations occurred at the transition from the 
last ice age to the current interglacial period 
(Wright et al. 1993). Nevertheless, not all spe-
cies and populations will have the option of 
moving. Nonvolant species on mountain tops 
or other habitat islands will have nowhere to 
go. Similarly, isolated foci of some vector- 
borne diseases that rely on the continued 
presence of certain hosts and vectors could 
disappear if movement of either is restricted. 
Although climate change might result in suit-
able climatic conditions elsewhere, these areas 
will remain disease-free unless all components 
of the system (host, vector, pathogen) reach 
and occur simultaneously in these sites for 
sufficient time to establish transmission cycles. 
Anthropogenic habitat fragmentation as a 
result of deforestation, agriculture, road build-
ing, construction of towns and cities, and 
other land use changes will impede migration, 
jeopardizing the existence of some popula-
tions and species (Root and Schneider 2002). 
A mathematical model was used to predict 
that > 400 (relatively mobile) bird species will 
suffer > 50% range contractions and > 50 spe-
cies will become extinct because of combined 
effects of climate change and anthropogenic 
habitat loss (Jetz et al. 2007). According to 
the IPCC’s Fourth Assessment Report, 20–30% 
of plant and animal species are likely to be at 
increasingly high risk of extinction as global 
mean temperatures exceed 2–3°C above pre-
industrial levels (Fischlin et al. 2007).
It seems intuitive that extinctions result-
ing in fewer species of host animals should 
decrease the number of potential zoonotic 
pathogens and thus the incidence of VBZDs. 
Several scientists have suggested that high 
biodiversity is causally related to high lev-
els of infectious disease, both locally and 
regionally (Sattenspiel 2000; Wolfe et al. 
2005). Indeed, some highly specific patho-
gens are likely to disappear with their hosts. 
Nevertheless, extinction and biodiversity loss 
may have some counterintuitive affects on the 
incidence of some VBZDs. Extinctions will 
occur selectively with habitat and dietary spe-
cialists being affected first (MacDonald and 
Brown 1992; Warren et al. 2001). Meanwhile 
more opportunistic, generalist species may 
not only survive but thrive in the absence of 
competition from specialists. In their study of 
climate change and altitudinal migration in 
Yosemite National Park, Moritz et al. (2008) 
found that opportunistic small mammal spe-
cies (those that were short-lived and had more 
litters per year) were more likely to expand 
their range upward than were their long-lived, 
less fecund counterparts. The host species 
for most of the known rodent-borne hemor-
rhagic fever viruses that affect humans are 
opportunistic species (Mills 2006). Although 
it is possible that this pattern is due, at least 
in part, to sampling error (diseases associ-
ated with anthropophilic species would be 
the first to come to our attention), the pattern 
could be the logical consequence of several 
characteristics of opportunistic species (high 
vagility, rapid growth, early reproduction, 
high fecundity, and capacity to sustain high 
population densities that are conducive to 
the transmission of pathogens) that would 
facilitate the evolution and maintenance of 
pathogens. Further, decreases in the species 
diversity of potential host assemblages have 
been associated with increased prevalence of 
infection by zoonotic pathogens in host popu-
lations both for vector-borne diseases (Ostfeld 
and Keesing 2000) and for nonvector-borne 
zoonoses (Mills 2005). Thus, selective extinc-
tions associated with climate change can result 
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in a net increase in the risk of some zoonotic 
infections in both wildlife and humans.
Other interactions and confounders. In 
addition to barriers caused by anthropogenic 
changes, natural barriers to dispersal such 
as mountain ranges or bodies of water can 
preclude species from reaching suitable habi-
tats. Stronger competitors or predators or the 
absence of prey or other food sources could 
prevent species from occupying otherwise 
suitable habitats.
Behavioral adaptation such as changing 
activity patterns or nesting sites can alter the 
responses of individuals and populations to 
climate change. One factor facilitating the 
northward range expansion of hispid cotton 
rats has likely been a switch to occupancy of 
deeper burrows that extend below the frost 
line (Dunnum 2002).
Species with the genetic capacity to undergo 
evolutionary adaptation to a changing environ-
ment can withstand or even benefit from cli-
mate change. The photoperiodic response of 
the pitcher plant mosquito (Wyeomyia smithii) 
has shifted toward shorter, more southern day 
lengths in response to an extended growing 
season, demonstrating an adaptive evolutionary 
response to global warming in eastern North 
America (Bradshaw and Holzapfel 2001). The 
capacity for such adaptation will vary among 
species, and those that lack adaptive capacity 
may be forced to migrate in order to survive.
Some investigators believe recent increases 
in malaria incidence in the highlands of East 
Africa were associated with a warming trend 
that began in the 1970s (Pascual et al. 2006; 
Patz 2002); others have linked the increases 
to other factors, including drug resistance 
(Hay et al. 2002a, 2002b; Shanks et al. 2002). 
However, the reality may involve the inter-
action of multiple factors.
Climate changes do not satisfactorily 
explain the temporal and spatial patterns of 
increases in incidence of tick-borne disease in 
Europe. Other factors likely include demo-
graphic changes, increases in deer abundance, 
and changes in land use after the end of com-
munist rule in Eastern Europe (reviewed by 
Gage et al. 2008).
Finally, in this review, we have often used 
observations of short-term responses of hosts, 
vectors, and pathogens to climate variability 
to conjecture about possible responses to long-
term climate change. Responses of host, vector, 
and pathogen populations to temporary—
natural or experimental—changes in environ-
mental conditions (wet or dry periods, warm 
or cold periods) are clues to how populations 
will respond to long-term climate change, 
but these inferences must be made cautiously. 
North American deer mice, an opportunis-
tic species, quickly respond to increasing 
moisture in the southwestern United States. 
Their rapid population growth allows them to 
escape predators and competitors in the short 
term. However, if such changes are longer 
term, competitors will respond to the same 
changing climatic conditions and predators 
will adapt to the increased density of prey. 
The new long-term equilibrium is likely to 
be much different from what was observed 
during the initial short-term response. Longer 
term behavioral, social, and genetic adaptation 
to the new biotic and abiotic environment 
will ultimately modify outcomes in ways that 
may not have been predicted from short-term 
observations. This important issue, and other 
caveats for predicting climate change effects on 
disease, are treated in detail in an earlier review 
(National Research Council 2001).
In summary, host and vector “responses” 
that are correlated with (or “associated 
with,” to use our terminology throughout 
this review) changing climate variables do not 
prove cause and effect. Potential confound-
ing variables including behavioral changes, 
interspecific interactions, intrinsic population 
phenomena, anthropogenic factors, and evo-
lutionary changes should be considered when 
appropriate.
What Kinds of Studies 
Will Be Useful?
The CDC policy on climate change and pub-
lic health (CDC 2010) sets forth 11 priority 
public health actions that address research, 
prediction, training, communication, pre-
paredness, and prevention to prepare the 
nation and the world for confronting poten-
tial health problems associated with climate 
change. Using these general priorities, we pro-
pose six specific goals that we believe would 
lead to a better understanding of the inter-
action between climate and VBZDs and an 
improved capability for predicting how cli-
mate change will affect the incidence and dis-
tribution of VBZDs.
Pathogen identification and characteriza-
tion. Our knowledge of tropical biota and the 
pathogens associated with them is inadequate 
[see Supplemental Material (doi:10.1289/
ehp.0901389)]. Calls for the study of world-
wide (and especially tropical) biodiversity have 
come from a variety of sources [e.g., the United 
Nations, the U.S. National Science Foundation 
(NSF), and the Ecological Society of America]. 
Understanding biodiversity of plants and ani-
mals has scientific, economic, and esthetic 
appeal and has attracted much support (e.g., 
NSF’s Planetary Biodiversity Inventories pro-
gram; NSF 2003). Understanding the diver-
sity of tropical pathogens has obvious practical 
importance yet has received little attention. 
Although a complete survey of potential patho-
gens in nature is an overwhelming task, a 
useful beginning would be to select the most 
likely potential hosts and vectors (e.g., bats 
and rodents, ticks and mosquitoes) and catalog 
those groups of pathogens with known pro-
pensities for causing disease in humans (e.g., 
hemorrhagic fever viruses, arboviruses, rickett-
siae, and some bacteria).
Establish baseline data on the geographic 
and habitat distribution of recognized zoonotic 
and vector-borne pathogens and their hosts and 
vectors. Accurate information on the current 
distribution of these agents and their hosts 
and vectors defines current potential disease-
endemic areas and helps to quantify relative 
risk among habitat types. These data also are 
prerequisite to documenting spatial changes 
in the distribution of pathogens associated 
with climate change. Because pathogen dis-
tributions do not always coincide with host 
and vector distributions (Mills and Childs 
1998), studies cannot be limited to document-
ing host and vector presence or absence but 
must include sampling hosts and vectors for 
pathogen presence. Finally, because distinct 
pathogens may be associated with geneti cally 
distinct populations of hosts or vectors (e.g., at 
the subspecies level) (Mills and Childs 1998), 
accompanying taxonomic studies will be 
required. Collection of accurate baseline data 
is the first step in the establishment of long-
term monitoring programs.
Establish longitudinal monitoring pro-
grams. A major impediment to accurate 
prediction has been the lack of long-term 
monitoring programs (Harvell et al. 2002; 
Jannett et al. 2007; Pascual and Bouma 2009; 
Sagarin 2002). These studies would track 
changes in zoonotic disease risk to humans 
by following changes in population dynam-
ics and infection prevalence of a few zoonotic 
pathogens in their host and vector popula-
tions. These studies, whose length should be 
measured in decades, would monitor changes 
in environmental variables using field-based 
and remote-sensing platforms and identify 
factors associated with changes in host, vector, 
and pathogen dynamics at selected sites. Long-
term sampling should also monitor changes in 
the distribution of hosts and vector popula-
tions and their distribution across latitudi-
nal, elevational, and environmental gradients. 
Although only a few agents, hosts, and vectors 
can be addressed this way, these studies might 
be applied to other pathogens, even those yet 
to be discovered, that have the same or similar 
host or vector associations.
A few long-term databases describing 
temporal dynamics of animal populations or 
disease incidence already exist (e.g., data from 
long-term ecological research sites and records 
of reportable diseases), and a few more are 
proposed (e.g., NSF’s National Ecological 
Observatory Network), but such ecological 
data were rarely collected for the purposes of 
infectious disease studies. Conversely, surveil-
lance records for human diseases rarely con-
tain significant amounts of useful ecological 
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data. Nevertheless, some of these data sets 
might be paired with long-term weather data 
to provide insight into climate effects (Pascual 
et al. 2002; Stenseth et al. 2006).
Track data on the geographic distribu-
tion, severity, and frequency of outbreaks 
of wildlife diseases and VBZDs in humans. 
This is another type of longitudinal monitor-
ing program, but the list of pathogens and 
hosts would be broader and the data col-
lected more restricted (e.g., geographic coor-
dinates, dates, number of cases). These data 
can be used to track geographic and tempo-
ral trends in VBZD incidence, identify vul-
nerable populations, and test predictions 
based on forecasting models. Several existing 
databases provide useful formats (e.g., U.S. 
Geological Service’s Global Wildlife Disease 
News Map; National Biological Information 
Infrastructure 2010), the CDC’s ArboNet, 
and the Global Early Warning System for 
Major Animal Diseases including Zoonoses 
[World Health Organization (WHO) 2010]. 
Integration of such formats with the monitor-
ing, data gathering, and data dissemination 
capacity of CDC and WHO networks would 
provide a powerful tool, making geographic 
and incidence data quickly available to the 
broad community of public health profession-
als, researchers, and modelers.
Conduct experimental laboratory and field 
studies of effects of climate change on hosts and 
vectors and their abilities to maintain and 
transmit pathogens. Laboratory studies and 
manipulative field studies (Post et al. 2008) 
can be used to test mechanisms of climate 
change effects on hosts, vectors, and patho-
gens or to provide hypotheses for field test-
ing. Because specific environmental factors 
cannot be isolated and controlled in the field, 
laboratory studies will be the best way to test 
the effects of specific changes in temperature, 
humidity, or physiological stress on host, vec-
tor, or pathogen populations. For example, 
stress-related immunosuppression has been 
suggested as an explanation for increased rates 
of transmission and for viral recrudescence 
including increases in pathogen load in hanta-
virus hosts observed in field studies (Botten 
et al. 2003; Kuenzi et al. 2005). Laboratory 
experiments provided preliminary evidence in 
support of this hypothesis in the case of Seoul 
hantavirus infection in Norway rats (Rattus 
norvegicus) (Klein et al. 2004). Additional con-
trolled laboratory experiments will be nec-
essary to confirm this hypothesis for other 
VBZD pathogens and to help quantify the 
environmental and social factors (temperature, 
crowding, aggression, breeding, etc.) associated 
with transmission and recrudescence.
Neither field nor laboratory studies alone 
can provide complete answers to these ques-
tions. Physiological patterns observed in the 
laboratory must be tested under natural field 
conditions and the physiological mechanisms 
for patterns observed in the field must be 
tested in the laboratory.
Use data from laboratory and field studies, 
epidemiological studies, and remote sensing to 
develop predictive models of changes in zoonotic 
disease risk and the projected distribution and 
abundance of major hosts and vectors. The util-
ity of such predictive models has been proven. 
Long-term direct monitoring of host popula-
tion density and prevalence of hantavirus infec-
tion in North American deer mice provided 
early warning of elevated risk for HPS in the 
southwestern United States (CDC 1998, 1999; 
Yates et al. 2002). Models have used rainfall 
and temperature data to identify high-risk areas 
for plague and HPS in the same geographic 
area (Eisen et al. 2007; Enscore et al. 2002; 
Parmenter et al. 1999). Remote sensors have 
demonstrated climate-associated changes in 
vegetation or other environmental parameters 
that foretold increased risk for Rift Valley fever 
(Anyamba et al. 2001) or HPS (Glass et al. 
2002). Ecological niche modeling has been 
used to provide evidence for climate change-
mediated range shifts for plague and tularemia 
and to provide predictions of continued future 
poleward expansion (Nakazawa et al. 2007). 
Ecological niche models also used climatic data 
and other environmental datasets to predict the 
geographic distribution of the hosts and vec-
tors for Chagas disease and the filovirus hem-
orrhagic fevers (Peterson et al. 2002, 2004). 
Another model predicted the northward spread 
of the Lyme disease and anaplasmosis vector 
I. scapularis under proposed climate change 
scenarios (Brownstein et al. 2005). Recent sur-
veillance has confirmed that expansion (Ogden 
et al. 2010). Continued data collection from 
long-term field studies combined with labora-
tory data providing measured physiological tol-
erances for specific hosts and vectors and effects 
of stressors on pathogen transmission can be 
used to develop increasingly accurate models 
of range expansions and effects of increased 
population density on heat stress and pathogen 
transmission.
Although predictive models may accurately 
identify the changes in suitable physical habitat 
for host and vector species, it is important to 
remember that the realized niche (actual range 
of conditions occupied by a species) is always 
smaller than the fundamental niche (potential 
range in the absence of predators, competi-
tors, and other limiters); the many nonclimatic 
confounders discussed above (barriers to dis-
persal, predation, competition) will need to be 
included in accurate models (Lafferty 2009).
An Ecosystem Approach
Over the last few decades it has become clear 
that effective disease prevention must con-
sider the whole environment in which disease 
occurs. The maintenance of healthy people 
requires the maintenance of healthy eco systems. 
Understanding ecosystem changes in relation 
to climate change will require not only a clear 
understanding of future changes in the physical 
environment but also a precise understanding 
of the physiological, ecological, and evolution-
ary responses to these changes by pathogens, 
vectors, and vertebrate hosts. Because of the 
complexity of pathogen–vector–host inter-
actions, the multiple interactions involved, and 
the environment in which these interactions are 
occurring, studies must be multidisciplinary, 
long term, spatially diverse, and sufficiently 
replicated to provide conclusions that are reli-
able and generalizable. No single institution 
has the expertise and resources to establish 
multiple, intensive, long-term field monitoring 
programs and appropriate laboratory experi-
ments, collect and interpret satellite images, 
and apply these data to the development of 
mathematical simulation models and forecast-
ing tools. Collaborative partnerships among 
government and nongovernmental organiza-
tions and universities will have the best chance 
of achieving these goals. In order for broad 
collaborations to be most effective, mecha-
nisms must be developed for effective commu-
nication, data sharing, and research integration 
among institutions and disciplines.
Application to Public Health
An important product of these studies would be 
an enhanced ability to initiate mitigation strate-
gies, promulgate early warning information, 
and target response capabilities. Predictions 
based on long-term monitoring programs and 
forecasting models should be quickly dissemi-
nated to local, state, and international pub-
lic health partners. In consultation with those 
partners, intervention strategies should be 
developed to mitigate the impact of disease 
on human populations. In response to predic-
tions of increased risk of HPS in the south-
western United States in 1998 and 1999, the 
CDC, in partnership with several southwestern 
States, developed and promulgated prevention 
messages via television, radio, pamphlets and 
posters. Despite large increases in local rodent 
host populations, numbers of human cases 
were lower than in the previous HPS outbreak 
in 1993/1994 (CDC 1998, 1999).
Prediction and promulgation efforts can 
be enhanced through integration with several 
existing U.S. government initiatives directed 
at climate change, including a) Climate 
Mapper, which makes the results of climate 
change models accessible to a broad user 
community; b) the Malaria Early Warning 
System, which recently examined rainfall pat-
terns in sub-Saharan Africa using meteoro-
logical station data, rainfall estimated from 
satellite images, and malaria incidence; and 
c) the Global Earth Observation System of 
Systems, which is an ambitious undertaking 
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to coordinate disparate earth- observation 
systems across the world including improved 
sharing of remote-sensing data.
Conclusions
Reliable data on the effects of climate change 
on VBZDs are scant. We have summarized 
the data from preliminary studies and used 
these data to extrapolate to logical conclusions 
concerning potential consequences of climate 
change on VBZDs. Nevertheless, these con-
clusions will remain speculative until tested 
by rigorous field and laboratory studies. We 
emphasize the importance of such studies and 
propose a series of goals that we believe would 
lead to improvements in our understanding 
of, and our ability to mitigate, the effects of 
climate change on VBZDs.
The goals of the actions outlined above 
are to form the multidisciplinary relation-
ships that are need to conduct and interpret 
ecosystem-based studies of VBZD pathogens 
in host and vector populations; identify the 
hosts, vectors, and pathogens (likely to be 
largely tropical) with the greatest potential 
to affect human populations under climate 
change scenarios; and conduct studies that will 
increase our understanding of the four poten-
tial mechanisms by which climate change may 
affect VBZD incidence. The value of these 
studies is not limited to the context of climate 
change. We believe that most, if not all, of 
these goals are important in their own right 
and should be undertaken regardless of the 
additional urgency added by the unknown 
effects of climate change. The goals we propose 
are broad and general. For each of these goals, 
a research plan with specific objectives, meth-
ods, and deliverables should be developed. 
Such research plans will be most effectively 
conceived in a multidisciplinary environment 
where experts in ecology, wildlife and vector 
biology, and public health sit together at the 
planning table. The requirements for multi-
institutional and multidisciplinary studies are 
important. Understanding and mitigating the 
effects of VBZDs cannot be accomplished by 
the public health community without the col-
laboration of ecologists and wildlife biologists.
The primary focus of our proposals is dis-
covering and predicting the consequences of 
climate change on VBZDs and driving public 
health action for the development of more 
effective disease-prevention strategies. We 
are not the first to suggest research goals to 
address the understanding and mitigation of 
climate change effects on VBZDs and other 
infectious diseases. However, for many aspects 
there is a clear convergence of conclusions and 
research recommendations (see, for example, 
National Research Council 2001; Semenza 
and Menne 2009). The sooner these stud-
ies are undertaken, the sooner intervention 
strate gies can be developed and instituted.
RefeRences
Anyamba A, Linthicum KJ, Tucker CJ. 2001. Climate-disease 
connections: Rift Valley fever in Kenya. Cad Saude Publica 
17(suppl):133–140.
Ari TB, Gershunov A, Gage KL, Snäll T, Ettestad P, Kausrud KL, 
et al. 2008. Human plague in the USA: the importance of 
regional and local climate. Biol Lett 4:737–740.
Barnard CJ, Behnke JM, Sewell J. 1996. Social status and resis-
tance to disease in house mice (Mus musculus): status-
related modulation of hormonal responses in relation to 
immunity costs in different social and physical environments. 
Ethology 102:63–84.
Barrera R, Grillet ME, Rangel Y, Berti J, Ache A. 1999. Temporal 
and spatial patterns of malaria reinfection in northeastern 
Venezuela. Am J Trop Med Hyg 61:784–790.
Begon M, Bennett M, Bowers RG, French NP, Hazel SM, 
Turner J. 2002. A clarification of transmission terms in 
host-microparasite models: numbers, densities and areas. 
Epidemiol Infect 129:147–153.
Benedict MQ, Levine RS, Hawley WA, Lounibos LP. 2007. 
Spread of the tiger: global risk of invasion by the mosquito 
Aedes albopictus. Vector Borne Zoonotic Dis 7:76–85.
Botten J, Mirowsky K, Kusewitt D, Ye C, Gottlieb K, Prescott 
J, et al. 2003. Persistent Sin Nombre virus infection in 
the deer mouse (Peromyscus maniculatus) model: sites 
of replication and strand-specific expression. J Virol 
77:1540–1550.
Botten J, Mirowsky K, Ye C, Gottlieb K, Saavedra M, Ponce L, 
et al. 2002. Shedding and intracage transmission of Sin 
Nombre hantavirus in the deer mouse (Peromyscus 
maniculatus) model. J Virol 76:7587–7594.
Bouma MJ. 2003. Methodological problems and amendments 
to demonstrate effects of temperature on the epidemiol-
ogy of malaria. A new perspective on the highland epi-
demics in Madagascar, 1972–1989. Trans R Soc Trop Med 
Hyg 97:133–139.
Bouma MJ, Dye C. 1997. Cycles of malaria associated with 
El Nino in Venezuela. JAMA 278:1772–1774.
Bouma MJ, Poveda G, Rojas W, Chavasse D, Quinones M, 
Cox J, et al. 1997. Predicting high-risk years for malaria in 
Colombia using parameters of El Nino Southern Oscillation. 
Trop Med Int Health 2:1122–1127.
Bradshaw WE, Holzapfel CM. 2001. Genetic shift in photo-
periodic response correlated with global warming. Proc 
Natl Acad Sci USA 98:14509–14511.
Brownstein JS, Holford TR, Fish D. 2005. Effect of climate 
change on Lyme disease risk in North America. Ecohealth 
2:38–46.
Calisher CH, Mills JN, Sweeney WP, Root JJ, Reeder SA, 
Jentes ES, et al. 2005. Population dynamics of a diverse 
rodent assemblage in mixed grass–shrub habitat, south-
eastern Colorado, 1995–2000. J Wildl Dis 41:12–28.
Calisher CH, Tzianabos T, Lord RD, Coleman PH. 1970. Tamiami 
virus, a new member of the Tacaribe group. Am J Trop Med 
Hyg 19:520–526.
Cameron GN, Spencer SR. 1981. Sigmodon hispidus. Mammal 
Species 158:1–9.
CDC (Centers for Disease Control and Prevention). 1998. 
Hantavirus pulmonary syndrome—Colorado and New 
Mexico, 1998. MMWR 47:449–452.
CDC (Centers for Disease Control and Prevention). 1999. 
Update: hantavirus pulmonary syndrome—United States, 
1999. MMWR 48:521–525.
CDC (Centers for Disease Control and Prevention). 2010. 
Climate Change and Public Health. Available: http://www.
cdc.gov/nceh/climatechange/ [accessed 16 June 2010].
Colwell RK, Brehm G, Cardelus CL, Gilman AC, Longino JT. 2008. 
Global warming, elevational range shifts, and lowland 
biotic attrition in the wet tropics. Science 322:258–261.
Confalonieri U, Menne B, Akhtar R, Ebi KL, Hauengue M, 
Kovats RS, et al. 2007. Human health. In: Climate Change 
2007: Impacts, Adaptation and Vulnerability. Contribution 
of Working Group II to the Fourth Assessment Report of 
the Intergovernmental Panel on Climate Change (Parry ML, 
Canziana OF, Palutikof JP, van der Linden PJ, Hanson CE, 
eds). Cambridge:Cambridge University Press, 391–431.
Davis S, Begon M, De Bruym L, Ageyev VS, Klassovskiy NL, 
Pole SB, et al. 2004. Predictive thresholds for plague in 
Kazakhstan. Science 304:736–738.
Demas GE, Nelson RJ. 1998. Photoperiod, ambient tempera-
ture, and food availability interact to affect reproductive 
and immune function in adult male deer mice (Peromyscus 
maniculatus). J Biol Rhythms 13:253–262.
Dunnum JL. 2002. Elevational range extension for the his-
pid cotton rat, Sigmodon hispidus (Rodentia: Muridae). 
Southwest Nat 47:637–639.
Ebi KL, Balbus J, Kinney PL, Lipp E, Mills D, O’Neill MS, et al. 
2008. Effects of global change on human health. In: Analyses 
of the Effects of Global Change on Human Health and 
Welfare and Human Systems (Gamble JL, ed). Washington, 
DC:U.S. Environmental Protection Agency, 39–87.
Ebi KL, Mills DM, Smith JB, Grambsch A. 2006. Climate change 
and human health impacts in the United States: an update 
on the results of the U.S. national assessment. Environ 
Health Perspect 114:1318–1324.
Eisen RJ, Glass GE, Eisen L, Cheek J, Enscore RE, Ettestad P, 
et al. 2007. A spatial model of shared risk for plague and 
hantavirus pulmonary syndrome in the southwestern 
United States. Am J Trop Med Hyg 77:999–1004.
Enscore RE, Biggerstaff BJ, Brown TL, Fulgham RF, Reynolds PJ, 
Engelthaler DM, et al. 2002. Modeling relationships 
between climate and the frequency of human plague cases 
in the southwestern United States, 1960–1997. Am J Trop 
Med Hyg 66:186–196.
Fischlin A, Midgley GF, Price JT, Leemans R, Gopal B, Turley C, 
et al. 2007. Ecosystems, their properties, goods, and ser-
vices. In: Climate Change 2007: Impacts, Adaptation and 
Vulnerability. Contribution of Working Group II to the 
Fourth Assessment Report of the Intergovernmental Panel 
on Climate Change (Parry ML, Canziani OF, Palutikof JP, 
van der Linden PJ, Hanson CE, eds). Cambridge:Cambridge 
University Press, 211–272.
Frumkin H, Hess J, Luber G, Malilay J, McGeehin M. 2008. 
Climate change: the public health response. Am J Public 
Health 98:435–445.
Gage KL, Burkot TR, Eisen RJ, Hayes EB. 2008. Climate and 
vectorborne diseases. Am J Prev Med 35:436–450.
Gage KL, Kosoy MY. 2005. Natural history of plague: perspec-
tives from more than a century of research. Annu Rev 
Entomol 50:505–528.
Githeko AK, Ndegwa W. 2001. Predicting malaria epidemics in 
the Kenyan highlands using climate data: a tool for deci-
sion makers. Global Change Hum Health 2:54–63.
Glass GE, Yates TL, Fine JB, Shields TM, Kendall JB, Hope AG, 
et al. 2002. Satellite imagery characterizes local animal res-
ervoir populations of Sin Nombre virus in the southwestern 
United States. Proc Natl Acad Sci USA 99:16817–16822.
Halford WP, Gebhardt BM, Carr DJ. 1996. Mechanisms of her-
pes simplex virus type 1 reactivation. J Virol 70:5051–5060.
Harvell CD, Mitchel CE, Ward JR, Altizer S, Dobson AP, 
Ostfeld RS, et al. 2002. Climate warming and disease risks 
for terrestrial and marine biota. Science 296:2158–2162.
Hay SI, Cox J, Rogers DJ, Randolph SE, Stern DI, Shanks GD, 
et al. 2002a. Climate change and the resurgence of malaria 
in the East African highlands. Nature 415:905–909.
Hay SI, Rogers DJ, Randolph SE, Stern DI, Cox J, Shanks GD, 
et al. 2002b. Hot topic or hot air? Climate change and 
malaria resurgence in East African highlands. Trends 
Parasitol 18:530–534.
Hickling R, Roy DB, Hill JK, Fox R, Thomas CD. 2006. The distri-
butions of a wide range of taxonomic groups are expanding 
polewards. Glob Chang Biol 12:450–455.
Hinnebusch BJ, Fischer ER, Schwan TG. 1998. Evaluation of 
the role of the Yersinia pestis plasminogen activator and 
other plasmid-encoded factors in temperature-dependent 
blockage of the flea. J Infect Dis 178:1406–1415.
IPCC (Intergovernmental Panel on Climate Change). 2007. 
Climate Change 2007: Synthesis Report. Geneva:IPCC.
Jannett FJ, Broschart MR, Grim LH, Schaberl JP. 2007. Northerly 
range extensions of mammalian species in Minnesota. Am 
Midl Nat 158:168–176.
Jarrett CO, Deak E, Isherwood KE, Oyston PC, Fischer ER, 
Whitney AR, et al. 2004. Transmission of Yersinia pestis 
from an infectious biofilm in the flea vector. J Infect Dis 
190:783–792.
Jetz W, Wilcove DS, Dobson AP. 2007. Projected impacts of 
climate and land-use change on the global diversity of 
birds. PLoS Biol 5:e157; doi:10.1371/journal.pbio.0050157 
[Online 9 April 2007].
Julvez J, Mouchet J, Michault A, Fouta A, Hamidine M. 1997. The 
progress of malaria in Sahelian eastern Niger. An ecologi-
cal disaster zone. Bull Soc Pathol Exot 90:101–104.
Kerr C. 2001. Swedish TBE increase. Trends Microbiol 9:413; 
doi:10.1016/S0966-842X(01)02183-7 [Online 5 September 
2001].
Klein SL, Cernetich A, Hilmer S, Hoffman EP, Scott AL, Glass GE. 
2004. Differential expression of immunoregulatory genes in 
Mills et al.
1514 volume 118 | number 11 | November 2010 • Environmental Health Perspectives
male and female Norway rats following infection with 
Seoul virus. J Med Virol 74:180–190.
Komar N. 2003. West Nile virus: epidemiology and ecology in 
North America. Adv Virus Res 61:185–234.
Kuenzi AJ, Douglass RJ, Bond CW, Calisher CH, Mills JN. 2005. 
Long-term dynamics of Sin Nombre viral RNA and antibody 
in deer mice in Montana. J Wildl Dis 41:473–481.
Lafferty KD. 2009. The ecology of climate change and infectious 
diseases. Ecology 90:888–900.
Lehmer EM, Clay CA, Wilson E, St Jeor S, Dearing MD. 2007. 
Differential resource allocation in deer mice exposed to 
Sin Nombre virus. Physiol Biochem Zool 80:514–521.
Likos AM, Sammons SA, Olson VA, Frace AM, Li Y, Olsen-
Rasmussen M, et al. 2005. A tale of two clades: monkeypox 
viruses. J Gen Virol 86:2661–2672.
Lindgren E, Gustafson R. 2001. Tick-borne encephalitis in 
Sweden and climate change. Lancet 358:16–18.
Linthicum KJ, Anyamba A, Tucker CJ, Kelley PW, Myers MF, 
Peters CJ. 1999. Climate and satellite indicators to forecast 
Rift Valley fever epidemics in Kenya. Science 285:397–400.
Long CA. 1996. Ecological replacement of the deer mouse, 
Peromyscus maniculatus, by the white-footed mouse, 
P. leucopus, in the Great Lakes region. Can Field 
Nat110:271–277.
Mabaso ML, Kleinschmidt I, Sharp B, Smith T. 2007. El Nino 
Southern Oscillation (ENSO) and annual malaria incidence 
in Southern Africa. Trans R Soc Trop Med Hyg 101:326–330.
MacDonald KA, Brown JH. 1992. Using montane mammals 
to model extinctions due to global change. Conserv Biol 
6:409–425.
Madhav NK, Wagoner KD, Douglass RJ, Mills JN. 2007. Delayed 
density-dependent prevalence of Sin Nombre virus anti-
body in Montana deer mice (Peromyscus maniculatus) and 
implications for human disease risk. Vector Borne Zoonotic 
Dis 7:353–364.
Mehta SK, Cohrs RJ, Forghani B, Zerbe G, Gilden DH, 
Pierson DL. 2004. Stress-induced subclinical reactivation of 
varicella zoster virus in astronauts. J Med Virol 72:174–179.
Mills JN. 2005. Regulation of rodent-borne viruses in the natural 
host: implications for human disease. Arch Virol Suppl 
19:45–57.
Mills JN. 2006. Biodiversity loss and emerging infectious disease: 
an example from the rodent-borne hemorrhagic fevers. 
Biodiversity 7:9–17.
Mills JN, Childs JE. 1998. Ecologic studies of rodent reser-
voirs: their relevance for human health. Emerg Infect Dis 
4:529–537.
Mills JN, Ksiazek TG, Peters CJ, Childs JE. 1999. Long-term stud-
ies of hantavirus reservoir populations in the southwestern 
United States: a synthesis. Emerg Infect Dis 5:135–142.
Mohlhenrich JS. 1961. Distribution and ecology of the hispid 
and least cotton rats in New Mexico. J Mamm 42:13–24.
Moritz C, Patton JL, Conroy CJ, Parra JL, White GC, 
Beissinger SR. 2008. Impact of a century of climate change 
on small-mammal communities in Yosemite National Park, 
USA. Science 322:261–264.
Mouchet J, Faye O, Juivez J, Manguin S. 1996. Drought 
and malaria retreat in the Sahel, West Africa. Lancet 
348:1735–1736.
Nakazawa Y, Williams R, Peterson AT, Mead P, Staples E, 
Gage KL. 2007. Climate change effects on plague and tula-
remia in the United States. Vector Borne Zoonotic Dis 
7:529–540.
National Biological Information Infrastructure. 2010. Global 
Wildlife Disease News Map. Version 2.0. Available: 
http://wildlifedisease.nbii.gov/wdinNewsDigestMap.jsp 
[accessed 16 June 2010].
National Research Council. 2001. Under the Weather: Climate, 
Ecosystems, and Infectious Disease. Washington, 
DC:National Academy Press.
Nelson RJ, Demas GE, Klein SL, Kriegsfeld LJ. 1995. The 
influence of season, photoperiod, and pineal melatonin on 
immune function. J Pineal Res 19:149–165.
NSF (National Science Foundation) 2003. Planetory Biodiversity 
Inventories. Available: http://www.nsf.gov/news/news_
summ.jsp?cntn_id=103065 [accessed 16 June 2010].
Ogden NH, Bouchard C, Kurtenbach K, Margos G, Lindsay LR, 
Trudel L, et al. 2010. Active and passive surveillance and 
phylogenetic analysis of Borrelia burgdorferi elucidate 
the process of Lyme disease risk emergence in Canada. 
Environ Health Perspect 118:909–914.
Ogden NH, Maarouf A, Barker IK, Bigras-Poulin M, Lindsay LR, 
Morshed MG, et al. 2006. Climate change and the potential 
for range expansion of the Lyme disease vector Ixodes 
scapularis in Canada. Int J Parasitol 36:63–70.
Ostfeld RS, Keesing F. 2000. Biodiversity and disease risk: the 
case of Lyme disease. Conserv Biol 14:722–728.
Parmenter RR, Yadav EP, Parmenter CA, Ettestad P, Gage KL. 
1999. Incidence of plague associated with increased win-
ter-spring precipitation in New Mexico. Am J Trop Med 
Hyg 61:814–821.
Pascual M, Ahumada JA, Chaves LF, Rodó X, Bouma M. 
2006. Malaria resurgence in the East African highlands: 
temperature trends revisited. Proc Natl Acad Sci USA 
103:5829–5834.
Pascual M, Bouma MJ. 2009. Do rising temperatures matter? 
Ecology 90:906–912.
Pascual M, Bouma MJ, Dobson AP. 2002. Cholera and cli-
mate: revisiting the quantitative evidence. Microbes Infect 
4:237–245.
Patz JA. 2002. A human disease indicator for the effects of 
recent global climate change. Proc Natl Acad Sci USA 
99:12506–12508.
Patz JA, Olson SH. 2006. Climate change and health: global to 
local influences on disease risk. Ann Trop Med Parasitol 
100:535–549.
Peterson AT, Bauer JT, Mills JN. 2004. Ecologic and geo-
graphic distribution of filovirus disease. Emerg Infect Dis 
10:40–47.
Peterson AT, Sánchez-Cordero V, Beard CB, Ramsey JM. 
2002. Ecologic niche modeling and potential reservoirs for 
Chagas disease, Mexico. Emerg Infect Dis 8:662–667.
Post ES, Pedersen C, Wilmers CC, Forchhammer MC. 2008. 
Phenological sequences reveal aggregate life history 
response to climate warming. Ecology 89:363–370.
Pounds JA, Fogden MPL, Masters KL. 2005. Responses of natu-
ral communities to climate change in a highland tropical 
forest. In: Climage Change and Biodiversty (Lovegoy TE, 
Hanna L, eds). New Haven, CT:Yale University Press, 70–74.
Randolph SE. 2004. Tick ecology: processes and patterns 
behind the epidemiological risk posed by ixodid ticks as 
vectors. Parasitology 129(suppl):S37–S65.
Rawlings JA, Torrez-Martinez N, Neill SU, Moore GM, Hicks BN, 
Pichuantes S, et al. 1996. Cocirculation of multiple hanta-
viruses in Texas, with characterization of the small (S) 
genome of a previously undescribed virus of cotton rats 
(Sigmodon hispidus). Am J Trop Med Hyg 55:672–679.
Reiter P, Lathrop S, Bunning M, Biggerstaff B, Singer D, 
Tiwari T, et al. 2003. Texas lifestyle limits transmission of 
dengue virus. Emerg Infect Dis 9:86–89.
Rollin PE, Ksiazek TG, Elliott LH, Ravkov EV, Martin ML, 
Morzunov S, et al. 1995. Isolation of Black Creek Canal 
virus, a new hantavirus from Sigmodon hispidus in Florida. 
J Med Virol 46:35–39.
Root TL, Schneider SH. 2002. Climate change: overview and 
implications for wildlife. In: Wildlife Responses to Climate 
Change: North American Case Studies (Schneider SH, 
Root TL, eds). Washington, DC:Island Press, 1–56.
Rosenzweig C, Casassa G, Karoly DJ, Imeson A, Liu C, 
Menzel A, et al. 2007. Assessment of observed changes 
and responses in natural and managed systems. In: Climate 
Change 2007: Impacts, Adaptation and Vulnerability. 
Contribution of Working Group II to the Fourth Assessment 
Report of the Intergovernmental Panel on Climate 
(Parry ML, Canziani OF, Palutikof JP, van der Linden PJ, 
Hanson CE, eds). Cambridge:Cambridge University Press, 
79–131.
Ruedas LA, Salazar-Bravo J, Tinnin DS, Armien B, Caceres L, 
Garcia A, et al. 2004. Community ecology of small mammal 
populations in Panama following an outbreak of Hantavirus 
pulmonary syndrome. J Vector Ecol 29:177–191.
Sagarin R. 2002. Historical studies of species’ response to cli-
mate change: promise and pitfalls. In: Wildlife Responses to 
Climate Change: North American Case Studies (Schneider 
SH, Root TL, eds). Washington, DC:Island Press, 127–163.
Sattenspiel L. 2000. Tropical environments, human activities, 
and the transmission of infectious diseases. Yearb Phys 
Anthropol 43:3–31. Available: http://www.eeescience.
utoledo.edu/faculty/gottgens/webpapers/DISEASEarticle.
pdf [accessed 18 September 2010].
Schmidly DJ. 2002. Texas Natural History: A Century of Change. 
Lubbock, TX:Texas Tech University Press.
Semenza JC, Menne B. 2009. Climate change and infectious 
diseases in Europe. Lancet Infect Dis 9:365–375.
Shanks GD, Hay SI, Stern DI, Biomndo K, Snow RW. 2002. 
Meteorologic influences on Plasmodium falciparum 
malaria in the highland tea estates of Kericho, western 
Kenya. Emerg Infect Dis 8:1404–1408.
Stapp P, Antolin MF, Ball M. 2004. Patterns of extinction in prairie 
dog metapopulations: plague outbreaks follow El Nino 
events. Front Ecol Environ 2:235–240.
Stenseth NC, Samia NI, Viljugrein H, Kausrud KL, Begon M, 
Davis S, et al. 2006. Plague dynamics are driven by climate 
variation. Proc Natl Acad Sci USA 103:13110–13115.
Straile D, Stenseth NC. 2007. The North Atlantic Oscillation and 
ecology: links between historical time-series, and lessons 
regarding future climate warming. Clim Res 34:259–262.
Sutherst RW. 2004. Global change and human vulnerability to 
vector-borne diseases. Clin Microbiol Rev 17:136–173.
Thomas CD, Franco AM, Hill JK. 2006. Range retractions and 
extinction in the face of climate warming. Trends Ecol Evol 
21:415–416.
Thompson RA, Wellington de Oliveira Lima J, Maguire JH, 
Braud DH, Scholl DT. 2002. Climatic and demographic 
determinants of American visceral leishmaniasis in north-
eastern Brazil using remote sensing technology for envi-
ronmental categorization of rain and region influences on 
leishmaniasis. Am J Trop Med Hyg 67:648–655.
Warren MS, Hill JK, Thomas JA, Asher J, Fox R, Huntley B, et al. 
2001. Rapid responses of British butterflies to opposing 
forces of climate and habitat change. Nature 414:65–69.
Welbergen JA, Klose SM, Markus N, Eby P. 2008. Climate change 
and the effects of temperature extremes on Australian 
flying-foxes. Proc Biol Sci 275:419–425.
WHO (World Health Organization). 2010. Global Early Warning 
System for Major Animal Diseases, Including Zoonoses 
(GLEWS). Available: http://www.who.int/zoonoses/outbreaks/ 
glews/en/ [accessed 16 June 2010].
Williams RJ, Bryan RT, Mills JN, Palma RE, Vera I, de Velasquez 
F, et al. 1997. An outbreak of hantavirus pulmonary syndrome 
in western Paraguay. Am J Trop Med Hyg 57:274–282.
Wolfe ND, Daszak P, Kilpatrick AM, Burke DS. 2005. Bushmeat 
hunting, deforestation, and prediction of zoonoses emer-
gence. Emerg Infect Dis 11:1822–1827.
Wright HE, Kutzbach JE, Webb T, Ruddiman WE, Street-
Perrott FA, Bartlein PJ. 1993. Global Climates since the Last 
Glacial Maximum. Minneapolis:University of Minnesota 
Press.
Yates TL, Mills JN, Parmenter CA, Ksiazek TG, Parmenter RR, 
Vande Castle JR, et al. 2002. The ecology and evolution-
ary history of an emergent disease: hantavirus pulmonary 
syndrome. Bioscience 52:989–998.
